ZnO-based materials have great potential 1 in the areas of optoelectronics 2-5 and spintronics 6 because of a direct bandgap, large exciton binding energy, 1 and both theoretically predicted 7 and experimentally observed [8] [9] [10] above-room-temperature Curie temperature. For spintronic applications, spin coherence is a critically important parameter. Experimental studies of spin coherence in ZnO were first reported by Ghosh et al.
11 using time-resolved Faraday rotation (TRFR) pumpprobe magneto-optical spectroscopy, with an observation of a spin coherence time as long as $20 ns at T ¼ 30 K in bulk ZnO samples. More recent experimental studies have shown an improvement in the spin coherence time in ZnO with an applied in-plane electric field confirmed by TRFR 12 and spin dynamics in ZnO quantum dots using TRFR 13 ; theoretical works have studied mechanisms of spin dynamics in ZnO. 14, 15 Many ZnO device applications, e.g., those requiring Ohmic contacts, involve an annealing step, 2-5, 16 and it is not clear yet how spin coherence properties change during annealing. In this letter, spin coherence changes during annealing are reported and discussed.
Three identical high-quality ZnO single crystal samples kept un-annealed and annealed at 500 C and 800 C (for 2 min under N 2 ambient in a rapid-thermal-annealing oven) were employed in this study. The three samples are labeled as A-C, as shown in Table I . Time-resolved Kerr rotation (TRKR) pump-probe magneto-optical spectroscopy was employed to investigate the electron spin dynamics, 17 with $360 nm wavelength used for both pump and probe laser sources, which matches ZnO bandgap ($3.437 eV at T < 10 K). 
The solid lines in Fig. 1 show the fitting curves. The other two fitting parameters, amplitude A and spin precession Larmor frequency x L ; are summarized in Table I together with T Ã 2 for all three samples. The effective electron g-factor g Ã of each sample is calculated using the equation
and shown in Table I , where l B and h are Bohr magneton and Planck constant, respectively. The spin coherence time decreased from $11.2 ns in sample A, to $2.3 ns in sample B, and finally to $2.0 ns in sample C, while g Ã does not change much. The significantly decreased spin coherence time between unannealed ZnO ($11 ns) and annealed ZnO ($2 ns) samples indicates that additional spin scattering centers are formed during the annealing process. At elevated measurement temperatures, no analyzable spin coherence oscillation was obtained within the detection limit of the TRKR setup.
X-ray rocking curves (XRCs) were performed on the ZnO (0002) peaks (at 2h $ 34. 7 , which dominates in the h-2h x-ray diffraction patterns standard Gaussian fitting, decreases slightly from $68 arc sec (sample A), to $54 arc sec (sample B) and $65 arc sec (sample C) after annealing. This indicates that the ZnO crystallinity does not degrade but actually improves slightly after annealing. Surface roughness may affect the reflection of the probe laser beam in TRKR measurements; however, atomic force microscopy (AFM) studies do not show any significant surface roughness changes in the annealed ZnO samples, with a root-mean-square roughness of $1 nm for all three samples. The inset in Fig. 2 shows a 2-lm Â 2-lm AFM image of sample A. So, neither crystallinity degradations nor surface roughness changes during annealing should be responsible for the spin coherence degradation in ZnO. In order to clarify the origin of the annealing-induced spin coherence degradation in ZnO, temperature-dependent Halleffect measurements and two-layer fittings 17, [19] [20] [21] were performed on the unannealed and annealed ZnO samples. ). Much smaller changes occur in the bulk donor and acceptor concentrations. The laser penetration depth in ZnO is around 60-100 nm. 22, 23 For sample A, the laser absorption is mostly in the surface layer (120 nm), but the surface layer of sample A is of better "quality" than the surface layers of the annealed samples, . In sample B, the surface scattering is much stronger, since the mobility is much smaller, and the sheet carrier density, n s , surf ¼ 1.9 Â 10 13 cm
À2
, is much larger, even though the surface layer is thinner. From the above analyses, we conclude that these changes in the surface layer may be responsible for the significantly decreased spin coherence time in ZnO after 500 C-annealing. The spin coherence difference between samples B and C ($2.3 versus $2.0 ns) is small comparing to that between samples A and B ($11.2 versus $2.3 ns). In sample C, n s , surf ¼ 8.7 Â 10 12 cm
, which is also larger than in sample A, and based on a simple comparison of n s , surf values alone, sample C should have a longer T 2 * than that of sample B. However, it also may be important that d surf is larger in sample C than in sample B, and, thus, the spins spend more time in the relatively poor surface region. The slightly poorer crystallinity of sample C than B may also contribute to the small difference in T 2 * . Based on the PL analyses, 17 the donor state N D1 in Table II is associated with hydrogen (H) and group-III elements (Al/Ga/ In), 21, 24 while the acceptor state N A is possibly due to Zn vacancies. 17, [25] [26] [27] Loss of H after annealing is observed for the dominating PL peak red shifts, which is commonly observed in ZnO samples annealed at temperatures above 500 C. 21 The reason of formation of surface conducting layer on top of the bulk ZnO with decreased mobility and increased shallow-donor concentration after annealing is most likely to be the surface accumulation of group-III elements (Al/Ga/In) during annealing, indicated by PL spectra, which is consistent with previous secondary-ion mass spectroscopy studies. 20 The possible dominating spin de-coherence mechanisms were discussed in the supporting materials (ref. 17) .
In summary, time-resolved-Kerr-rotation pump-probe magneto-optical spectroscopy was employed to investigate the spin dynamics in ZnO single crystal samples before and after annealing. It is observed that the spin coherence time (T 2 * ) in unannealed ZnO sample is as long as $11.2 ns at 8.5 K, but significantly decreases to $2.3 ns after 500 C annealing. X-ray rocking curves and atomic force microscopy confirm that the crystallinity and surface roughness do not change appreciably during annealing and, thus, are not responsible for the spin-coherence degradation. Temperaturedependent Hall effect measurements indicate that the annealing-induced spin coherence degradation is likely due to decreased mobility and increased carrier concentration in the thin conducting layer on the surface of the bulk ZnO.
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